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Abstract

Plasma heating by the oscillating component of the ponderomotive force of
a very intense 1ight wave 1s discussed.

*Work performed under the auspices of the U. S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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The absorption of very intense 1ight 1s a problem of great interest to
anyone studying ICF applications of coz laseri. There 1s, of course, the
well-known mechanism of resonance absorption, which can be strongly
enhanced by both crater1ngz and r‘lppHng3 of the critical density surface.
We have recently explored another 1ittle-known mechanism, which can play a
significant role at the very high intensities commonly used in coz
experiments. This so-called JXB heat\ng4 is due to the electrostatic field
driven by the oscillating component of the ponderomotive force of the laser
Tight. Here we present a model calculation to show that the driven
electrostatic field is sizable for high-intensity 1ight. We then present
computer simulations of the JXB heating, which demonstrate significant

absorption of very intense 1ight into electrons with a modest temperature.

We begin with a model calculation to 11lustrate the physics of this
coupling mechanism. Consider a 1inearly polarized 1ight wave with electric

"field amplitude E = EL(x)(sin uot)y. The ponderomotive force, jp.

exerted by this field is readily derived in the usual way to be

. - vi (x) (1 - cos 2w t) x , (1)
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where [ eEL/muo. and, for simplicity, we have neglected thermal and
relativistic effects. The time-averaged part produces steepening of the
density profile, and the oscillating component can lead to heating. In effect,
the oscillating ponderomotive force corresponds to driving the plasma with an

electrostatic field Ed' where

‘ef
-;F-‘ % %; vf (x){cos 2u t) (2)

Since the magnitude of Ed is proportional to vLavL/ax. significant
absorption is expected only for very intense 11ght.



To estimate the size of the driver field, we consider an intense planar
Tight wave normally incident on an inhomogeneous slab of plasma and use the
model of Lee et al.s to compute El(x) in the strongly steepened
Tight-plasma interface. For intense fields, the density variation 1s large,
and a numerical solution of the model equations is needed. Figure 1 shows a
typical result for the spatial variation of the amplitude of the transverse
electric field and the plasma density in the interface. For this example,
(st/ve)2 = 10, where Vs = eEFs/muo. EFS denotes the
free-space value of EL' and Ve Vs the electron thermal velocity. As
expected from the pressure balance, the plasma is steepened by the intense,
reflecting 1ight wave to a density of nc(st/ve)z. where n. is the
critical density. Both the transverse field and the density vary quite rapidly
in the interface.

Given vL(x). we can evaluate the magnitude of the driver field due to
the oscillating ponderomotive force. For example, at the location where the
driver field would be most enhanced by the plasma response (n = 4nc). we
find that

2

ffg = 0.6 !£§ 1.8 Vel . (3)
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Although relativistic effects should be included for more quantitative
estimates, the magnitude of this field is clearly significant when the
incident 1ight 1s very intense. The oscillating electrostatic field has a
strong spatial variation in the light-plasma interface and will heat electrons
that interact nonadiabatically with it.

To compute the absorption and electron heating, we have carried out
computer simulations using a 1.5-dimensional particle code with
electromagnetic fields and relativistic particle dynamics. In our simulations,
we consider the propagation of an intense, planar 1ight wave from vacuum onto
a plasma slab. The plasma begins as an overdense slab with density equal to
the upper density expected in the final steepened state; 1.e.,



n/nc = (vrslve) 2. The reflected 1ight waves are allowed to escape

into vacuum at the left boundary, and heated electrons are replaced with
incoming thermal electrons at the right boundary. The evolution is followed
until a quasi-steady state is attained.

Our simulations demonstrate significant heating when the 1ight 1s very
intense. As 1llustrated by the plot of electron phase space in Fig. 2,
electrons are accelerated and then beamed into the plasma by the oscillating
ponderomotive force. The effective temperature of the heated electrons 1is
relatively modest, as shown by the plot of the electron distribution function
in Fig. 3. In this example, the product of incident intensity and wavelength
squared 15 10'® Wm’/en” (1.e., 1 = 10'® w/en® for €O, 11ght),
and the 1niti1al electron temperature of the dense plasma slab is 4 keV. The
time-averaged absorption is about 11%. Note that the heated temperature 1is

about 50 keV.

Table I shows the averaged absorption measured in a number of stimulations
with different incident intensities and background electron temperatures. As
expected, the absorption is strongly dependent on intensity, ranging from 1 or
2 at 102 = 10" win’/cn? to between 10 and 15%
at 11: = l()-|B Humzlcmz. A weak dependence of the absorption
on background electron temperature 1s also evident.

0f course, these one-dimensional simulations of normally incident 1ight
are intentionally ideal to isolate this physical process. Two dimensional
simulations of obliquely incident, p-polarized 11ght show that resonance
absorption is then quite efficient. The fractional absorption in a steepened
profile peaks at about 50X for angles of incidence of about 20° and can be
even larger when the critical surface becomes cratered and rippled. The
heated electron temperature 9, due to resonance absgrpt10?81s qu;te ;arge
at high intensity; for example, o, ~ 200 keV for Ilb = 10°" W-ym /cm
and a background temperature of 4 keV. Two dimensional simulations of
normally incident 1ight would include the oscillating two stream and ion
acoustic decay instabilities. S‘Imu'lat’lons6 have indicated that the
absorption due to these instabilities is modest in a steepened



density profile, 1.e., roughly 10% or less. The electrons are heated
primarily along the electric vector of the 1ight, in contrast to heating by
resonance absorption and by the oscillating ponderomotive force discussed
here. For comparison, we note that the oscillating ponderomotive force
produces a fractional absorption of order 10% only when the 1ight intensity is
extremely large. The heated electrons are beamed inward and have a relatively
modest temperature, given such a high 1ight intensity. Since this process
depends on the oscillating component of the ponderomotive force, we do not
expect 1t to be strongly modified 1f resonance absorption and parametric
instabilities are simultaneously operative.

In summary, we have demonstrated a novel mechanism for the absorption of
very intense laser 1ight. The oscillating component of the ponderomotive force
generates an electrostatic field, which leads to electron heating. A model
calculation shows that the electrostatic field is sizable for very intense
Tight. Computer simulations with a relativistic particle code demonstrate
significant absorption into electrons with a relatively modest temperature.
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Figure Captions

Fig. 1 The spatial variation of the transverse electric field
(vL = eEleuo) and the plasma density in the
1ight-plasma interface. fFor this example, (stlve)z = 10.

Fig. 2 An electron phase space at "ot = 80r from a computer
simulation of J x B heating. The incident 1ight intensity
2 18 W
was lxn e 107 2= The plasma was initially an

(:In2

overdense slab with density n = 100ncr. an electron
temperature ee = &4 keV, and an lon-electron mass ratio of
1836.

Fig. 3 A plot of the electron distribution at uot = 80y 1n a
computer simulation of 3 x B heating. The parameters are those
for Fig. 2.

Table I The time-averaged absorption measured in simulations with
different incident intensities and background electron
temperatures.
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T, (keV) A2 (W-pm?/cm?) fabs
4 1017 0.015

4 3 x 10" 0.06

4 1018 0.11

12 3 x 1017 0.05

12 1018 0.17

40 1018 0.13

Table I



